Disassembling the Nuclear Matrix Elements of the Neutrinoless double
  beta Decay by Menéndez, J. et al.
ar
X
iv
:0
80
1.
37
60
v3
  [
nu
cl-
th]
  1
9 D
ec
 20
08
Disassembling the Nulear Matrix Elements of
the Neutrinoless ββ Deay
J. Menéndez and A. Poves
Departamento de Físia Teória and IFT-UAM/CSIC,
Universidad Autónoma de Madrid, E-28049, Madrid, Spain
E. Caurier and F. Nowaki
IPHC, IN2P3-CNRS/Université Louis Pasteur BP 28, F-67037,
Strasbourg Cedex 2, Frane
Abstrat
In this artile we analyze the nulear matrix elements (NME) of the neutrinoless
double beta deays (0νββ) of the nulei 48Ca, 76Ge, 82Se, 124Sn, 128Te, 130Te and
136
Xe in the framework of the Interating Shell Model (ISM). We study the relative
value of the dierent ontributions to the NME's, suh as higher order terms in the
nulear urrent, nite nulear size eets and short range orrelations, as well as
their evolution with the maximum seniority permitted in the wave funtions. We
disuss also the build-up of the NME's as a funtion of the distane between the
deaying neutrons. We alulate the deays to 0+1 nal states and nd that these
deays are at least 25 times more suppressed with respet to the ground state to
ground state transition.
Key words: Shell Model, Double beta deay matrix elements.
PACS: 23.40.H, 21.60.Cs, 27.40.+z, 27.50.+e, 27.60.+j
1 Introdution
The disovery of neutrino osillations in reent experiments at Super-Kamiokande
[1℄, SNO [2℄ and KamLAND [3℄ has hanged the old oneption of neutrinos
by proving that they are massive partiles. Aording to the origin of their
mass, neutrinos an be either Dira or Majorana partiles, the latter ase be-
ing partiularly interesting sine it would imply an extension to the standard
model of eletroweak interations. In this senario neutrinos are their own an-
tipartiles and lepton number is not onserved. Besides, it happens that the
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best way to detet one of these violating proesses and onsequently to estab-
lish the Majorana harater of the neutrinos would be the observation of the
neutrinoless double beta deay (0νββ).
Double beta deay is a very slow weak proess. It takes plae between two
even-even isobars when the single beta deay is energetially forbidden or
hindered by large spin dierene. Two neutrinos beta deay is a seond order
weak proess the reason of its low rate, and has been measured in a few
nulei. The 0νββ deay is analog but needs neutrinos to be Majorana partiles.
With the exeption of one unonrmed laim [4,5℄, it has never been observed,
and urrently there is a number of experiments either taking plae [6,7,8℄ or
expeted for the near future see e.g. ref. [9℄ devoted to detet it and to
set up rmly the nature of neutrinos.
Furthermore, 0νββ deay is also sensitive to the absolute sale of neutrino
mass, and hene the mass hierarhy at present, only the dierene between
dierent mass eigenstates is known. Sine the half-life of the deay is de-
termined, together with the neutrino masses, by the nulear matrix element
(NME) for this proess, the knowledge of these NME's is essential to pre-
dit the most favorable deays and, one detetion is ahieved, to settle the
neutrino mass sale and hierarhy.
Two dierent and omplementary methods are mainly used to alulate NME's
for 0νββ deays. One is the family of the quasipartile random-phase approxi-
mation (QRPA). This method has been used by dierent groups and a variety
of tehniques is employed, with results for most of the possible emitters [10,11℄.
This work onerns to the alternative, the interating shell model (ISM) [12℄.
In previous ISM works [13,14℄, the NME's for the 0νββ deay were alulated
taking into aount only the dominant terms of the nuleon urrent. However,
in ref. [15℄ it was noted that the higher order ontributions to the urrent
(HOC) are not negligible and it was laimed that they ould redue up to
20%-30% the nal NME's. Subsequently, other QRPA alulations [16,17℄ have
also taken into aount these terms, although resulting in a somewhat smaller
orretion. These additional nuleon urrent ontributions have been reently
inluded for the rst time in the ISM framework [18℄, and it is the aim of this
work to look at them in more detail in order to grasp their relevane for the
NME's. Then we give a omprehensive overview of the present state-of-the-art
ISM and QRPA results by omparing the relative ontribution of the dierent
ontributions to the NME's. In partiular, the short range orrelations (SRC)
are modeled both by the Jastrow presription and by the UCOM method
[19℄. The radial dependene of the NME rst disussed in ref. [20℄ is also
studied within the ISM.
In addition to the usual alulation of 0νββ deays to the ground states of the
2
nal nulei we have also omputed the orresponding NME's for the deays
to the rst exited 0+1 states. This omparison has already been performed
for most emitters using QRPA methods [21,22,23,24,25℄, onluding that the
transitions to exited states are muh more suppressed. However, it is inter-
esting to test these results from the ISM point of view, and even to improve
them, sine in refs. [21,22,23,24℄ the new hadroni urrent ontributions were
negleted and in ref. [25℄ the short range orrelations were not treated properly
(see ref. [26℄).
2 Theoretial framework
The starting point for the 0νββ deay is the weak Hamiltonian:
HW =
G√
2
(
jLµJ
µ†
L
)
+ h.c., (1)
where jLµ is the leptoni urrent, and the hadroni nulear ounterpart
is given in the impulse approximation by:
Jµ†L =Ψτ
+
(
gV
(
q2
)
γµ − igM
(
q2
) σµν
2Mp
−gA
(
q2
)
γµγ5 + gP
(
q2
)
qµγ5
)
Ψ, (2)
with qµ the momentum transferred from hadrons to leptons, this is, qµ =
pµneutron − pµproton.
In the non relativisti ase, and disarding energy transfers between nuleons,
we have:
Jµ†L (x) =
A∑
n=1
τ−n
(
gµ0J0
(
q2
)
+ gµkJkn
(
q2
))
δ (x− r
n
) , (3)
where:
J0
(
q2
)
= gV
(
q2
)
,
Jn
(
q2
)
= igM
(
q2
) σn × q
2Mp
+ gA
(
q2
)
σn − gP
(
q2
) q (qσ
n
)
2Mp
. (4)
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The parametrization of the ouplings by the standard dipole form fator 
to take into aount the nite nulear size (FNS) and the use of the CVC
and PCAC hypotheses for the magneti and pseudosalar ouplings gM and
gP are those desribed in ref. [15℄. We take as values of the bare ouplings
gV (0) = 1 and gA (0) = 1.25.
Due to the high momentum of the virtual neutrino in the nuleus ≈100
MeV we an replae the intermediate state energy by an average value and
then use the losure relation to sum over all the intermediate states. This
approximation is orret to better than 90% [27℄.
We also limit our study to transitions to 0+ nal states, and assume eletrons
to be emitted in s wave. Corretions to these approximations are of the order
of 1% at most, due to the fat that in the other ases eetive nulear operators
of higher orders are needed to ouple the initial and nal states.
With these onsiderations, the expression for the half-life of the 0νββ deay
an be written as [28,29℄:
(
T 0νββ1/2
(
0+ → 0+
))−1
= G01
∣∣∣M0νββ ∣∣∣2
(〈mν〉
me
)2
, (5)
where 〈mν〉 = |∑k U2ekmk| is the eetive Majorana neutrino mass, a ombina-
tion of the neutrino masses mk due to the neutrino mixing matrix U and G01
is a kinemati fator dependent on the harge, mass and available energy of
the proess. M0νββ is the NME objet of study in this work. As we see, the
neutrino mass sale is diretly related to the deay rate.
The kinemati fator G01 depends on the value of the oupling onstant gA.
Therefore the NME's obtained with dierent gA values annot be diretly
ompared. If we redene the NME as:
M ′ 0νββ =
(
gA
1.25
)2
M0νββ . (6)
These M ′ 0νββ's are diretly omparable no matter whih was the value of
gA employed in their alulation, sine they share a ommon G01 fator 
that of gA = 1.25. In this sense, the translation of M
′ 0νββ
's into half-lives is
transparent. The QRPA results obtained with dierent gA values are already
expressed in this way by the authors of refs. [20,26℄ while the results of refs.
[16,17,30℄ are not. The latter have been translated into the form of eq. (6)
when omparing to our results.
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Looking bak at the NME, it is obtained from the eetive transition operator
resulting of the produt of the nulear urrents:
Ω (q) = −hF (q) + hGT (q)σ
n
σ
m
− hT (q)Sqnm, (7)
where Sqnm = 3 (qˆσnqˆσm)− σnσm is the tensor operator. The funtions h (q)
an be labeled aording to the urrent terms from whih they ome from:
hF (q)= hFvv (q) ,
hGT (q)= hGTaa (q) + h
GT
ap (q) + h
GT
pp (q) + h
GT
mm (q) ,
hT (q)= hTap (q) + h
T
pp (q) + h
T
mm (q) , (8)
whose expliit form an be found in ref. [15℄.
In ISM works previous to ref. [18℄, only haa and hvv terms were onsidered.
However, rough estimates of the value of all terms taking q ≈ 100 MeV give:
haa ≈ hvv ≈ 1, hap ≈ 0.20, hpp ≈ 0.04 and hmm ≈ 0.02. Therefore, aording
to this gures, ertainly hap annot be negleted. Sine the Gamow-Teller
ontribution will be the dominant one, and both the hpp and hmm have the
same sign and opposite to hap, it seems sensible to keep all these terms in the
alulation. In Setion 3 we will see how these terms indeed ontribute to the
total NME.
Integrating over q we get the orresponding operators in position spae, whih
are alled the neutrino potentials. Before radial integration they look like:
V F/GTx (r)=
2
pi
R
g2A (0)
∞∫
0
j0 (qr)
hF/GTx (q)
(q + µ)
q dq,
V Tx (r)=
2
pi
R
g2A (0)
∞∫
0
−j2 (qr) h
T
x (q)
(q + µ)
q dq, (9)
where jn (x) are the spherial Bessel funtions, r is the distane between nu-
leons and R, whih makes the result dimensionless, is taken as R=r0A
1/3
,
with r0 = 1.2 fm.
Finally, the NME reads:
5
M0νββ =−
(
gV (0)
gA (0)
)2
MF +MGT −MT
=
〈
0+f
∣∣∣∑
n,m
τ−n τ
−
m
(
−V F (r) + V GT (r)σ
n
σ
m
− V T (r)Sr
nm
) ∣∣∣0+i 〉 .(10)
In the alulation of the NME we need to take into aount the short range
orrelations. Using a standard Jastrow type funtion, the NME's are modied
as [31,32℄:
〈0+f |V (r) |0+i 〉src= 〈0+f f (r) |V (r) |f (r) 0+i 〉
= 〈0+f |f (r)2 V (r) |0+i 〉, (11)
with f (r) = 1− e−ar2 (1− br2), where a = 1.1 fm−2 and b = 0.68 fm−2.
3 The NME's disassembled
Following these onsiderations, we have performed alulations for the 0νββ
deays of the emitters
48
Ca,
76
Ge,
82
Se,
124
Sn,
128
Te,
130
Te and
136
Xe, using
the ISM oupled ode desribed in ref. [12℄, ideally adapted for the alulation
of 0+ states. Full diagonalizations are aomplished within dierent valene
spaes and eetive interations. For instane, the deay of
48
Ca is studied
in the pf major shell, and the KB3 interation is employed. For the ase of
76
Ge and
82
Se, the valene spae onsisting on 1p3/2, 0f5/2, 1p1/2 and 0g9/2 is
diagonalized using the GCN28.50 interation. Finally the 0g7/2, 1d3/2, 1d5/2,
2s1/2 and 0h11/2 valene spae and the GCN50.82 interation are used in the
deays of
124
Sn,
128
Te,
130
Te and
136
Xe. The latter spaes and interations will
be disussed in detail elsewhere [33℄.
QRPA valene spaes omprise at least two major osillator shells. The eet
of the orbits exluded in our ISM alulations was studied in Ref. [34℄, in
the partiular ases of A = 82 and A = 136. Proton and neutron 2p-2h
exitations were onsidered separately, obtaining an inrease in the NME's
not larger than 20%. However, this number may be an overestimation sine
the oupanies obtained for the extra orbits are larger than that of QRPA
alulations. Furthermore, when more than one orbit was added to the valene
spae, the NME inreased in the same amount as with only one extra orbit,
showing that dierent ontributions do not sum up. An extended study of
these eets is urrently in preparation.
The results of the Shell Model alulations were shown in ref. [18℄, where a
6
Table 1
Evolution of the
76
Ge → 76Se NME's desribed in Setion 2 as we suessively add
the ap, pp and mm HOC ontributions.
vv + aa +ap +pp +mm
Mhoc 4.04 2.82 3.29 3.29
Mhoc+fns 3.45 2.49 2.80 2.96
Mhoc+src 2.85 2.12 2.36 2.36
M0νββ 2.70 2.01 2.21 2.30
∆M0νββ -25% +7% +3%
omparison of the nal values to the ones from reent QRPA alulations was
made, pointing out the importane of inluding all the seniority omponents
in a given spae. Here we will have a loser look at the NME's, in order to gain
insight into the details of the alulation and reognise possible unertainties.
In Table 1 we show the ontribution of the additional nuleon urrent terms in
the partiular ase of
76
Ge→ 76Se 0νββ deay. In addition to the nal result we
also give the partial ones not onsidering FNS and/or SRC. We see that these
terms ontribute to redue the bare matrix element in approximately 20%.
However, as was pointed out in ref. [18℄, the eet of the HOC ontributions
in the full NME FNS and SRC taken into aount is a bit smaller, 15%,
whih only means that HOC ontributions are slightly more regularized by
FNS and SRC than the lower order aa and vv terms. In addition to that,
the mm ontribution to HOC, whih inreases the NME and hene redues
the net HOC eet, vanishes in the bare ase. The behaviour of all other
deays is very similar. From this table we also onlude that the overall HOC
ontribution is of the expeted relative value, and, moreover, the individual
terms are also very lose to their estimate in Setion 2; they are found only a
bit larger, but with the orret relative gures.
It has reently been disussed in ref. [18℄ that the pairing interation favours
the 0νββ deay and that, onsequently, trunations in seniority tend to over-
estimate the value of the NME's. This is, when we perform trunations in
seniority in the initial and nal wave funtions, the value of the full NME
is not onverged, in general, until the full seniority alulation is done. This
may explain the dierene of the results due to their dierent treatment
of pairing type orrelations for the NME's obtained between the ISM and
QRPA approahes.
High seniority omponents are strongly onneted to nulear deformation. As
an example, we show in Table 2 the deomposition of the wave funtion of the
nuleus
66
Ge that would exhibit a tiious 0νββ deay to its mirror 66Se
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Table 2
Deomposition of the wave funtion of the ground state of
66
Ge aording to its
seniority omponents, in perentage, for dierent values of the deformation β.
β s = 0 s = 4 s = 6 s = 8 s = 10
0.15 78 20 1 1 0
0.20 39 43 7 10 1
0.25 20 43 14 20 3
0.30 6 32 21 31 10
Table 3
Comparison of the NME for the
76
Ge→ 76Se 0νββ deay for this work (ISM) and the
Jyväskylä (JY07) and Tübingen (TU99) groups. The values of TU99 were originally
alulated with r0 = 1.1 fm, and have been orreted to be diretly omparable with
the others.
Mbare Mfns Mhoc Mh.+fns M
0νββ
%
b/fns
hoc %fns %src
ISM 4.04 3.45 3.29 2.96 2.30 19/14 10 22
JY07 [16℄ 8.53 - 7.72 6.36 4.72 9/− 18 26
TU99 [15℄ - 7.03 - 5.63 - −/20 ≈ 10 ≈ 20
for dierent deformations, obtained by adding a variable extra quadrupole-
quadrupole term to the interation. We see that, as the nuleus beomes more
deformed, the high seniority omponents beome more important.
We an hek if the disrepany of the NME's remains in the HOC, FNS and
SRC ontributions. For that purpose, in Table 3 we ompare in detail the
NME's for A = 76 for ISM and QRPA alulations, enlosing the partial re-
sults as well. We also append the amount of orretion due to eah HOC, FNS
and SRC to the previous step in the alulation. The SRC are always of the
Jastrow type unless otherwise stated; we will return to this point later. Similar
gures are found for any other deay. If we fous in the relative importane
of the dierent approximations, we an see that all three alulations show
the same trend, though the details may hange a bit from one to another.
Hene we an onlude that HOC ontributions redue the NME about 10-
20%, taking into aount FNS eets produes an additional 10-20% derease
and nally Jastrow type SRC redue the NME 20-25%. The overall eet from
the original bare NME adds up to 35-45%. In our alulations, these three on-
tributions when applied to the bare NME, give redutions of 20%, 15% and
30%, respetively Msrc = 2.85, not inluded in Table 3. Therefore, these
eets do not pile up, the total redution amounting to roughly 70% of the
sum of the individual ontributions.
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Table 4
Evolution of the NME with the maximum seniority (sm) permitted in the wave
funtions of
76
Ge and
76
Se, inluding dierent ontributions to the full operator.
sm Mbare Mfns Mhoc Mh.+fns M
0νββ
%
b/fns
hoc %fns %src
0 12.31 11.16 10.49 9.83 8.59 15/12 6 13
4 8.84 7.87 7.44 6.89 5.82 16/12 7 16
6 8.01 7.11 6.73 6.22 5.23 16/13 8 16
8 5.63 4.90 4.66 4.25 3.34 17/13 9 21
10 4.64 4.00 3.81 3.45 2.74 18/14 9 21
12 4.10 3.50 3.34 3.01 2.34 19/14 10 22
14 4.04 3.45 3.29 2.96 2.30 19/14 10 22
Table 5
Evolution of −χF as a funtion of the maximum seniority allowed in the wave
funtions, sm, for all the studied 0νββ deays.
sm A = 48 A = 76 A = 82 A = 124 A = 128 A = 130 A = 136
0 0.33 0.31 0.30 0.27 0.27 0.27 0.26
4 0.19 0.23 0.21 0.15 0.20 0.19 0.15
6 0.17 0.22 0.20 0.16 0.20 0.19 0.16
8 0.16 0.16 0.13 0.15 0.16 0.15 0.15
10 0.14 0.12 0.15 0.15 0.15
12 0.12 0.11 0.15 0.15
14 0.12
Therefore, ontrary to what happens for the NME's, we see that the relative
ontributions of HOC, FNS or SRC are similar for ISM and QRPA alu-
lations, whih seems to point out that their ontribution to the full NME is
not aeted by seniority trunations. This is onrmed in Table 4, where these
partial ontributions as a funtion of the seniority are shown. The
76
Ge→ 76Se
0νββ deay is hosen again, but the same onlusion is obtained for all other
transitions. Even though a small derease of all the ontributions is seen, at
the sm = 4 levelleading order in QRPA the relative value of HOC, FNS
and SRC is essentially that of the full alulation.
Another aspet of the NME that ould be sensitive to the treatment of the
pairing orrelations is the ratio of Fermi to Gamow-Teller terms by means
of the oeient χF =
(
gV (0)
gA(0)
)2
MF/MGT , represented in Table 5 for all the
9
Table 6
Comparison of the values of χF of this work (ISM), this work with seniority sm = 4
and the QRPA results of the Jyväskylä (JY07) and Tübingen (TU07) groups. The
TU07 result is taken prior to SRC orrelations, see ref. [26℄.
−χF ISM ISM (sm = 4) JY07 [16,17℄ TU07 [15℄
76
Ge → 76Se 0.12 0.23 0.27 0.32
82
Se → 82Kr 0.11 0.21 0.26 -
128
Te → 130Xe 0.15 0.20 0.31 -
130
Te → 130Xe 0.15 0.19 0.31 0.36
136
Xe → 136Ba 0.15 0.15 0.27 -
studied nulei as a funtion of the seniority. Unlike the preedent ase, here
we see that orrelations aet in a dierent manner to these ontributions, in
suh a way that the ratio χF dereases as we allow higher seniority omponents
in the wave funtions. This trend is not seen, however, in the A = 48, A =
124 and A = 136 ases. But these are preisely the nulei for whih the low
seniority trunation works better [18℄, being emitters whih, in their natural
valene spaes, only onsist on neutrons (
48
Ca and
124
Sn) or protons (
136
Xe),
leading to wave funtions dominated by low seniority omponents. We ompare
our full results and those trunated in seniority with the QRPA gures in Table
6, observing that ISM χF values are smaller than QRPA's, but the trunated
sm = 4 results are always loser to them. This is to say, one may attribute
the disrepany in χF between ISM and QRPA to the seniority trunations,
as was the ase for the omplete NME.
So far we have argued that there is agreement in the relative importane of
the dierent piees of the 0νββ NME studied, i.e. HOC, FNS and SRC of
Jastrow type between the ISM and QRPA in its dierent versions, while
the dierene in χF may be attributed, as in the ase of the full NME, to
the fat that high seniority omponents may not be fully inluded within the
QRPA approah. However, there are still two issues regarding whih there are
disrepanies between the dierent methods and authors.
On one hand there is the role of tensor part of the NME, whih we an quantify
similarly to the Fermi ase by the ratio to the Gamow-Teller ontribution,
χT = MT/MGT . While for some QRPA authors [15℄ this quantity amounts
to 5% for A = 76 and 8% for A = 130 prior to SRC, after that their
inuene is neessarily larger sine tensor type ontributions, ontrary to Fermi
and Gamow-Teller parts, are not redued by SRC, others laim that their
ontribution is negligible [16℄. Our ISM results are shown in Table 7, olleted
again as a funtion of the seniority to explore a possible dependene of χT . We
an see that, exept in the speial ase of A = 48, whih shows a quite large
10
Table 7
Evolution of χT (%) as a funtion of the maximum seniority permitted, sm, in the
wave funtions for all the studied 0νββ deays.
sm A = 48 A = 76 A = 82 A = 124 A = 128 A = 130 A = 136
0 3.2 1.6 1.3 0.5 0.6 0.5 0.4
4 9.0 1.0 0.8 0.1 0.0 -0.2 -0.7
6 9.4 0.9 0.9 0.1 0.1 -0.1 -0.6
8 9.9 0.6 0.3 0.1 -0.3 -0.5 -0.6
10 0.6 0.2 0.1 -0.3 -0.5
12 0.4 0.2 0.1 -0.3
14 0.4
ratio, all the other numbers are far from these found in ref. [15℄, and ould be
onsidered negligible as in ref. [16℄. This remains true although to a slightly
lesser extent if we keep only the sm = 4 gures, whih are larger than the
orresponding omplete spae values thus pointing to a similar dependene
on the seniority trunation to that of the Fermi omponent but still very
minor to be signiant in the nal result.
On the other hand, a fully onsistent treatment of the SRC's would demand
regularizing the 0νββ operator using the same presription than for the bare
interation. However, this approah is beyond present ISM or QRPA apabil-
ities. Hene, general presriptions, that also ome from the regularization of
bare interations into the nulear medium, are used instead.
The results presented so far have been obtained using the standard Jastrow
type orrelator of eq. (11). Other authors [35℄ have reently argued that this
orretion is somewhat too aggressive, and have proposed another method 
namely the Unitary Correlation Operator Method (UCOM) [19℄ to estimate
the SRC, whih leads to a muh smoother orretion, of the order of 5%
ompared to the 15-25% of the Jastrow orrelator, see Table 3.
We have estimated the value of our ISM results taking an UCOM type SRC
by simulating the orrelator as that of the ST = 01 hannel [36℄, ommon
throughout the alulation. The orrelator of the other important even
hannel is very similar to this one, and the dierene should not hange our
estimated results. The numbers obtained are listed in Table 8, where we nd
a 5% redution of the NME with this UCOM SRC ansatz, in agreement with
the QRPA alulations. Thus, treating the SRC with a softer presription of
this type inreases our Jastrow orrelated nal results by some 20%, leaving
the full redution of the NME due to all ontributions at around 25-35%.
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Table 8
Contributions of the Jastrow and UCOM type SRC to the NME. Jastrow results of
ref.[18℄ were slightly dierent from present beause only one uto parameter was
onsidered in the FNS terms.
0νββ Transition Mno SRC M
0νββ
UCOM M
0νββ
Jastrow ∆MUCOM(%) ∆MJastrow(%)
48
Ca → 48Ti 0.92 0.85 0.61 8 34
76
Ge → 76Se 2.96 2.81 2.30 5 22
82
Se → 82Kr 2.79 2.64 2.18 5 22
124
Sn→ 124Te 2.77 2.62 2.10 5 24
128
Te → 128Xe 3.05 2.88 2.34 6 23
130
Te → 130Xe 2.81 2.65 2.12 6 25
136
Xe → 136Ba 2.32 2.19 1.76 6 24
In gure 1 the ISM and QRPA results for the NME's are ompared within
this UCOM treatment of the SRC. The same gure but onsidering Jastrow
type SRC was shown in ref. [18℄, but inadvertently the results obtained with
dierent values of gA where not resaled properly. This is orreted in gure
2, where the omparable M ′ 0νββ 's introdued in eq. (6) are represented. By
omparing both gures, it is onrmed that there is a ommon trend; the
QRPA values are larger than the ISM ones when the high seniority omponents
are important in the latter. For both ISM and QRPA the only net eet of
UCOM is an enhanement of the Jastrow results of about 20%.
Whether the UCOM or Jastrow method is more appropriate to treat the 0νββ
short range orrelations is still an open question. Therefore, taking into a-
ount the limitations of our method regarding the SRC's, this dierent results
obtained by both presriptions may be onsidered as an estimation of the
range of the eet of SRC's 5-20%.
4 Radial dependene of the NME
Very reently the radial evolution of the NME has been studied in ref. [20℄,
in order to see for what internuleoni distanes r the NME gets the major
ontribution. This is done by representing the operator C(r) dened as:
M0νββ =
∞∫
0
C(r)dr (12)
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Figure 1. The neutrinoless double beta deay M ′ 0νββ's for ISM and QRPA alu-
lations treating the SRC with the UCOM approah. Tu07 QRPA results from ref.
[20℄ and Jy07 results from refs. [16,17℄.
The form of this operator for the transitions studied is shown in Figure 3.
This result is in full agreement with the QRPA, onrming the ndings of ref.
[20℄. This is, beyond r = 3 fm there is no overall ontribution to the NME,
while the maximum value of C(r) ours around r = 1 fm, whih means
that almost the omplete value of the NME omes from the ontribution of
deaying nuleons whih are lose to eah other. This distane orresponds to
a momentum of q ≈ 200 MeV, twie the expeted value estimated in Setion 2.
Suh a small distane is partly due to the anellation that happens between
the ontribution of deaying pairs oupled to J = 0 and J > 0, as an be seen
for the dominant GT omponent of the
82
Se→ 82Kr 0νββ deay in Fig. 4 for
all the other transitions the same tendeny is reprodued. That the NME's
radial shape of the QRPA and ISM alulations be idential is quite intriguing
and perhaps points to a hidden simpliity in their physis. In fat, one an
argue that QRPA and ISM NME's, radial dependene inluded, dier only by
a saling fator, whih an be expressed as the ratio of the average number of
pairs in both alulations.
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Figure 2. Same as g.1 but with Jastrow type SRC. Tu07 QRPA results from ref.
[26℄ and Jy08 results from ref. [30℄.
5 Deays to 0+1 exited states
When onsidering the 0νββ proess, the most favourable deay hannel is,
due to phase spae onsiderations, the 0+ ground state to ground state one,
whih is the ase of all transitions so far presented in this paper. However,
for experimental reasons, it would be very interesting to have a deay to
an exited state if it is not too muh suppressed ompared to the deay to
the 0+g.s., beause the bakground redution, oming from the simultaneous
detetion of the eletrons from the 0νββ deay and the photon(s) from the
deay of the nal nuleus exited state, might make up for the longer lifetime.
In order to nd a andidate for this nal exited state, higher spins have to
be disarded sine these deays are disfavored not only by the phase spae
but also by the transition operator, whih in order to ouple dierent spin
states is neessarily of higher order in the urrent and hene muh smaller
in magnitude. However, exited 0+1 states ould have a hane, as they share
the transition operator with the deays to the ground state. In this new ase
the phase fator would disfavour the deay but, if the NME pushed in the
opposite diretion and inreased it enough, then the lifetime of the proess
would not be muh larger than the orresponding to the 0+g.s.. To explore this
possibility, we have omputed, for the rst time within the ISM, the NME's
of the 0νββ deays to exited 0+1 states.
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Figure 3. Evolution of C(r) for the 48Ca → 48Ti, 82Se → 82Kr, 124Sn → 124Te,
130
Te → 130Xe and 136Xe → 136Ba transitions. SRC are not inluded in the alula-
tion.
Table 9
NME's for the dierent deays to the dierent exited 0+1 states studied. The ground
states are denoted by gs. Half-lives are alulated for 〈mν〉 = 1 eV. The minor
dierenes between these NME's and those of ref. [18℄ ome as in g. 8.
A = 48 A = 76 A = 82 A = 124 A = 130 A = 136
M0νββgs→gs 0.61 2.30 2.18 2.10 2.12 1.77
M0νββ
gs→0+
1
0.68 1.49 0.28 0.80 0.19 0.49
G01(gs→gs)
G01(gs→0+1 )
85 12 11 40 38 22
T gs→gs1/2 (10
24
y) 10.8 7.70 1.94 2.13 1.29 1.78
T
gs→0+
1
1/2 (10
26
y) 7.35 2.28 12.9 5.82 61.2 5.00
The results are gathered in Table 9. With the only exeption of the relatively
small inrease of our result for A = 48, not really signiant beause of its
huge spae fator suppression, we see that a ommon feature of all alulations
is that the NME's for the deays to 0+1 states are smaller than the deays to
the ground state. This has been the ase also in previous QRPA alulations.
However, sine these results have been superseeded by more reent ones for
the initial and nal ground states the ase of refs. [21,22,23,24℄, whih do
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Figure 4. Evolution of the GT part of C(r) for the 82Se → 82Kr transition. The
ontribution of deaying pairs oupled to J = 0 and J > 0 is also shown. SRC are
not inluded.
not onsider the HOC relevant terms or do not treat SRC properly as
happens in ref. [25℄, new alulations for the transitions to nal 0+1 states
are required to be omparable to our numbers.
Table 9 also inludes the predited half-lives for the transitions. We see that
our results are typially two orders of magnitude longer for the deays to ex-
ited states. The least disfavored gs → 0+1 transition would be that of 76Ge,
whih is hindered by a fator 2.4 from the NME times 12, the redution fator
oming from the phase spae. This is, in that ase the gs → 0+1 transition is
suppressed by a fator 25 − 30 ompared to the gs → gs, whih is probably
too large to be ompensated by the experimental gain via bakground redu-
tion. Nevertheless, it orresponds to experimentalists to evaluate the pratial
interest of the deay to the exited 0+ in view of suh a suppressed rate.
6 Summary and Conlusions
In this work we have alulated within the ISM framework the NME for 0νββ
deays of the emitters
48
Ca,
76
Ge,
82
Se,
124
Sn,
128
Te,
130
Te and
136
Xe. Also, we
have studied the relative importane of dierent ontributions to the NME,
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namely HOC, FNS and SRC, onluding that all of there is a nie agreement
between the ISM and dierent QRPA methods. However, the values of the
QRPA dier from the ISM ones when the high seniority omponents are im-
portant in the latter. We surmise that this dierene may be due to the QRPA
underestimation of the high seniority omponents of the wave funtions in
these ases. In addition, some disrepanies remain regarding the importane
of the eet of the Tensor part of the NME, and there is still unertainties in
the treatment of the SRC's.
We have also studied the radial behaviour of the NME's, nding again agree-
ment between the ISM and the QRPA results.
Finally, we have alulated the NME's for the deay to exited 0+1 states.
These transitions are suppressed with respet to the usual ones to the ground
state to a dierent extent for eah deay, but at least in a fator 25 − 30 for
the least hindered A = 76.
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